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==========================

Myocardial ischemia and reperfusion injury (MIRI) is a kind of phenomenon that the myocardial structural injury is aggravated after the recovery of blood flow which is associated with calcium overload, production of a large number of reactive oxygen species (ROS),\[[@ref1][@ref2]\] the opening of mitochondrial membrane permeability transition pore (MPTP),\[[@ref3]\] and cell apoptosis.\[[@ref4]\] Numerous evidences have indicated that the I/R injury is implicated in coronary heart disease, myocardial infarction, cardiac arrest, and other cardiovascular diseases; therefore, it is of great significance to clarify the mechanisms of this process.

Mitochondria are highly dynamic organelles which are in a fine balance of continuous fusion and fission.\[[@ref5]\] Recently, a multitude of studies have documented that mitochondrial dynamics plays a crucial role in MIRI. Indeed, mitochondrial morphological changes represent as from fusion to fission following exposure to I/R injury, while inhibiting the extensive mitochondrial fission (or fragmentation) contributes to alleviating this damage.\[[@ref6][@ref7][@ref8]\] Dynamics-related protein 1 (Drp1) is a major protein that promotes the division in cells. It is expressed in the cytoplasm of most tissues, especially the brain and heart.\[[@ref9]\] Mitochondrial fission occurs when Drp1 transfers from the cytoplasm to the outer mitochondrial membrane. Ong *et al*.\[[@ref10]\] first discovered that silencing of Drp1 in HL-1 cells could reduce cell apoptosis, and pretreatment with Mdivi-1 (the Drp1 inhibitor) would decrease the myocardial infarct size under hypoxic condition.

Pim-1 kinase is a downstream signal molecule of Jun N-terminal kinase/signal transducers and activators of transcription (JNK/STAT) and protein kinase B (Akt) signaling pathway, which is relevant to cell survival, proliferation, differentiation, and apoptosis.\[[@ref11]\] The latest research showed that Pim-1 kinase could increase phosphorylation of Drp1^ser637^ and inhibit Drp1 translating to the mitochondria so as to reduce the I/R injury through Drp1 cytoplasmic sequestration.\[[@ref12]\]

A multitude of experimental and clinical studies have reported that sevoflurane can reduce myocardium injury when administrated following the I/R, which is well known as sevoflurane postconditioning (SP).\[[@ref13][@ref14]\] However, the specific mechanisms underlying SP remain unknown and further studies are warranted.

Here, we hypothesized that the Pim-1 kinase-regulating Drp1 played an important role in myocardial protection afforded by SP.

M[ethods]{.smallcaps} {#sec1-2}
=====================

Animals {#sec2-1}
-------

Male, healthy Sprague-Dawley rats (10--12 weeks old) weighing 250--300 g were provided by the PengYue animal feed distribution centers of Jinan city, Shandong Province (No. SCXK \[Lu\] 2014-0007, Shandong, China) and housed on a 12 h light/dark cycle with free access to food and water. The environment temperature and humidity were maintained between 22°C--24°C and 40--60%. All animal care and experimental protocols complied with the guidelines of the Animal Care and Use Committee of Xuzhou Medical University.

Isolated, perfused heart preparation {#sec2-2}
------------------------------------

Sprague-Dawley rats were anesthetized with 3% sodium pentobarbital (30 mg/kg) and anticoagulated with heparin (500 IU/kg) through intraperitoneal injection. The hearts were rapidly removed by bilateral thoracotomy, placed in ice-cold buffer, and the aorta was cannulated with a 50-ml syringe needle. The isolated hearts were retrogradely perfused through the aorta at a constant perfusion pressure of 100 cmH~2~O (1 cmH~2~O = 0.098 kPa) with Krebs-Henseleit (K-H) buffer containing 118.5 mmol/L NaCl, 24.8 mmol/L NaHCO~3~, 11 mmol/L D-glucose, 4.7 mmol/L KCl, 1.2 mmol/L MgSO~4~·7H~2~O, 1.2 mmol/L KH~2~PO~4~, and 2.25 mmol/L CaCl~2~·2H~2~O, with pH of 7.4. Before it can be used, the perfusate buffer was saturated with a 95% O~2~ and 5% CO~2~ mixed gas at 37°C.\[[@ref15]\] A small opening in the left atrial appendage was cut to make a latex balloon which was connected to a pressure sensor (TaiMeng Technology, Chengdu, China) to the computer into the left heart chamber through the left atrium followed by mitral valve. The balloon was inflated with water to adjust the left ventricular end-diastolic pressure (LVEDP) to 4--10 mmHg (1 mmHg = 0.133 kPa) at the beginning of the experiment and was continuously kept during the study. Cardiac functional indexes including LVEDP, left ventricular developed pressure (LVDP), positive and negative LVDP/dt (+dp/dt~max~, −dp/dt~max~), and heart rate (HR) were monitored with a computer-based system at the end of equilibration (T0), 30 min (T1), 60 min (T2), 90 min (T3), and 120 min (T4) of reperfusion, respectively.

Experimental protocol of ischemia/reperfusion injury {#sec2-3}
----------------------------------------------------

The whole procedure lasted for 180 min. All animals (except for the rats in the Control group \[Group CON\]) were subjected to 30 min of ischemia followed by 120 min of reperfusion.\[[@ref16]\] Rats were randomly divided into six groups as follows (*n* = 72, 12 per group): (1) Group CON, (2) ischemia reperfusion group (Group I/R), (3) SP group (Group Sev), (4) SP+Pim-1 inhibitor II group (Group Sev+PIM-Inh), (5) SP+dimethylsufoxide group (Group Sev+DMSO), and (6) Pim-1 inhibitor II group (Group PIM-Inh). The hearts were continuously perfused for 180 min in Group CON. After 30 min of equilibration followed by 30 min of ischemia, the isolated hearts were subjected to perfused with K-H buffer for 120 min in Group I/R; Groups Sev, Sev+PIM-Inh, Sev+DMSO, and PIM-Inh received 15 min of perfusion with K-H solution containing 3% sevoflurane, 3% sevoflurane + 1 μmol/L Pim-1 inhibitor II (provided by Millipore, USA), 3% sevoflurane + 0.02% DMSO, and 1 μmol/L Pim-1 inhibitor II, respectively, at the beginning of reperfusion and then received K-H buffer continuously for 105 min.

Measurements of hemodynamics {#sec2-4}
----------------------------

Hemodynamic parameters were recorded at the end of equilibration (T0), 30 min (T1), 60 min (T2), 90 min (T3), and 120 min (T4) of reperfusion as functional indexes of the left ventricular. The measured hemodynamic parameters were HR, LVEDP, LVDP, maximum increase in the rate of LVDP (+dP/dt), and maximum decrease in the rate of LVDP (−dP/dt).

Western blotting analysis {#sec2-5}
-------------------------

Proteins were extracted from cardiomyocytes that were harvested and placed in lysis buffer to measure the total Drp1 and p-Drp1^ser637^ expressions, as described previously.\[[@ref17]\] In other experiments, the expressions of Pim-1, Bcl-2, and cytochrome C (Cyt C) in cytoplasm and mitochondria, and the Drp1 in mitochondria were measured with Tissue Mitochondria Isolation Kit (Beyotime, USA). The purity of the isolated mitochondria was about 90%. The protein concentration was determined using the Bicinchoninic Acid (BCA) Protein Assay Kit according to the manufacturer\'s protocol (Beyotime, USA). The supernatant was mixed with 5X loading buffer and heated for 15 min at 100°C. The extracts were injected into each sample hole and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After electrophoresis, proteins were electrophoretically transferred to a polyvinylidene difluoride filter (PVDF) membrane (0.45 mm, Millipore, USA). The membrane was blocked in washing buffer with 5% nonfat milk for 2 h and incubated overnight with the corresponding primary antibodies at 4°C. The membrane was placed at room temperature for 0.5 h and then incubated with secondary antibody. The signals of the detected proteins were visualized by a BCIP/NBT Alkaline Phosphatase Chromogenic Color Kit (Beyotime, USA). The staining was quantified by scanning the films, and the band density was determined with Image-J software (National Institutes of Health, USA, <http://imagej.nih.gov/ij/download/>).

Myocardial infarct size {#sec2-6}
-----------------------

At the end of reperfusion period, hearts were frozen at −80°C for 30 min. The frozen hearts were cut transversely into 5 pieces, each 1 mm thick, and stained with 1% triphenyl tetrazolium chloride (TTC) for 30 min in a 37°C water bath.\[[@ref18]\] Then, the slices were fixed in 4% formaldehyde solution for 15 min. At last, each slice was photographed by Epson Perfection V300 Photo Scanner (Epson, Japan). The viable myocardium presented brick red, and infarct tissues appeared pale white. Infarct size and left ventricular area were measured using Image-J software (National Institutes of Health, USA), with the infarct size expressed as a percentage of the total left ventricular area (×100%).

Transmission electron microscope {#sec2-7}
--------------------------------

At the end of reperfusion, the anterior left ventricular tissues were cut into ultra-thin sections (1 mm × 1 mm × 1 mm). As previously described, they underwent through fixation, rinsing, dehydration, paraffin embedding, slicing, and double staining by uranyl acetate as well as lead citrate.\[[@ref19]\] Then, mitochondrial morphology was observed by a Tecnai G2 T12 transmission electron microscope (TEM, FEI, USA).

Statistical analysis {#sec2-8}
--------------------

Data were analyzed using SPSS software version 13.0 (BECKMAN, SanDiego, CA, USA). Data were expressed as mean ± standard deviation (SD). The groups were compared using repeated measures analysis of variance (ANOVA), and comparisons between groups were performed by one-way analysis of variance (ANOVA) followed by *post hoc* test (Newman-Keuls test). Differences with *P* \< 0.05 were considered statistically significant.

R[esults]{.smallcaps} {#sec1-3}
=====================

Sevoflurane postconditioning improves hemodynamic parameters {#sec2-9}
------------------------------------------------------------

[Figure 1](#F1){ref-type="fig"} shows that there were no differences in baseline hemodynamics among the experimental groups (*P* \> 0.05). At T1--T4, compared with CON group, HR, LVDP, and ±dp/dt~max~ decreased while LVEDP increased in I/R and Sev groups (*P* \< 0.05); compared with I/R group, HR, LVDP, and ±dp/dt~max~ increased while LVEDP decreased in Sev group (*P* \< 0.05), and no significant changes were found in each index in PIM-Inh group (*P* \> 0.05); compared with Sev group, HR, LVDP, and ±dp/dt~max~ decreased while LVEDP increased in Sev+PIM-Inh group (*P* \< 0.05), and no significant changes were found in each index in Sev+DMSO group (*P* \> 0.05).

![Hemodynamic changes at different points in rats subjected to myocardial ischemia-reperfusion injury. (a) The changes of HR at T0--T4; (b) the changes of LVDP at T0--T4; (c) the changes of LVEDP at T0--T4; (d) the changes of + dp/dt~max~ at T0--T4; (e) and the changes of −dp/dt~max~ at T0--T4. Data were reported as mean ± SD (*n* = 6 for each group). \**P* \< 0.05 versus CON; ^†^*P* \< 0.05 versus I/R; ^‡^*P* \< 0.05 versus Sev (repeated measures ANOVA). CON: Control group; I/R: Ischemia/reperfusion; Sev: Sevoflurane postconditioning; Sev+PIM-Inh: Sevoflurane postconditioning + Pim-1 inhibitor II; Sev--DMSO: Sevoflurane postconditioning + dimethyl sulfoxide; PIM-Inh: Pim-1 inhibitor II; T0: The end of equilibration; T1: 30 min of reperfusion; T2: 60 min of reperfusion; T3: 90 min of reperfusion; T4: 120 min of reperfusion; HR: Heart rate; LVDP: Left ventricular developed pressure; LVEDP: Left ventricular end-diastolic pressure; +dp/dt~max~: Maximum rate of left ventricular development pressure; −dp/dt~max~: Maximum rate of left ventricular fall pressure; SD: Standard deviation; ANOVA: Analysis of variance.](CMJ-130-309-g001){#F1}

Sevoflurane postconditioning activates the Pim-1 kinase in the isolated rat hearts {#sec2-10}
----------------------------------------------------------------------------------

Compared with CON group, the expression of the Pim-1 \[Figure [2a](#F2){ref-type="fig"} and [2b](#F2){ref-type="fig"}\] and Bcl-2 \[Figure [2c](#F2){ref-type="fig"} and [2d](#F2){ref-type="fig"}\] in cytoplasm and mitochondria was downregulated; the expression of Cyt C increased in cytoplasm \[[Figure 2e](#F2){ref-type="fig"}\] but decreased in mitochondria \[[Figure 2f](#F2){ref-type="fig"}\] in I/R group (*P* \< 0.05); SP significantly increased the expression of the Pim-1 and Bcl-2 in cytoplasm and mitochondria, reducing the release of Cyt C from mitochondria to the cytoplasm compared with I/R group (*P* \< 0.05); and pretreatment with 1 μmol/L Pim-1 inhibitor II abolished SP-induced increase of the Pim-1 and Bcl-2 in cytoplasm and mitochondria as well as reduction of Cyt C release compared with Sev group (*P* \< 0.05), and there were no differences of each index in Sev+DMSO group (*P* \> 0.05).

![Western blotting analysis of cytosolic and mitochondrial fraction of Pim-1, Bcl-2, and Cyt C in myocardium. The Pim-1 (44,000 Da) (a and b) was analyzed by Western blotting with specific Pim-1 antibody at 1 h of reperfusion; the Bcl-2 (26,000 Da) (c and d) was analyzed by Western blotting with specific Bcl-2 antibody at 1 h of reperfusion; and the Cyt C (15,000 Da) (e and f) was analyzed by Western blotting with specific Cyt C antibody at 1 h of reperfusion. (*n* = 3 for each group). Data were reported as mean ± SD. \**P* \< 0.05 versus CON; ^†^*P* \< 0.05 versus I/R; ^‡^*P* \< 0.05 versus Sev (repeated measures ANOVA). CON: Control group; I/R: Ischemia/reperfusion; Sev: Sevoflurane postconditioning; Sev+PIM-Inh: Sevoflurane postconditioning + Pim-1 inhibitor II; Sev+DMSO: Sevoflurane postconditioning + dimethyl sulfoxide; PIM-Inh: Pim-1 inhibitor II; Pim-1: Proto-oncogene serine/threonine-protein kinase 1; Bcl-2: B-cell leukemia/lymphoma 2; Cyt C: Cytochrome C; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; COX-IV: Cytochrome C oxidase IV; SD: Standard deviation; ANOVA: Analysis of variance.](CMJ-130-309-g002){#F2}

Pim-1 kinase upregulates p-Drp1^ser637^ and inhibits dynamics-related protein 1 translating to the mitochondria {#sec2-11}
---------------------------------------------------------------------------------------------------------------

To investigate the possible mechanism of Pim-1 involved in SP-induced cardioprotection, we further examined the expression of total Drp1 and p-Drp1^ser637^ in myocardium as well as Drp1 translation to the mitochondria. There were no obvious changes in total Drp1 expression in each group (*P* \> 0.05) \[[Figure 3a](#F3){ref-type="fig"}\]. Compared with CON group, the p-Drp1^ser637^ expression level was downregulated \[[Figure 3b](#F3){ref-type="fig"}\] and the content of Drp1 in mitochondria increased \[[Figure 3c](#F3){ref-type="fig"}\] in I/R group (*P* \< 0.05); SP significantly increased the p-Drp1^ser637^ expression level and inhibited Drp1 translating to the mitochondria compared with I/R group (*P* \< 0.05), and no significant changes were found in each index in PIM-Inh group (*P* \> 0.05); pretreatment with 1 μmol/L Pim-1 inhibitor II abolished SP-induced increase of p-Drp1^ser637^ and inhibition of Drp1 compartmentalization to the mitochondria compared with Sev group (*P* \< 0.05), and no significant differences were found in each index in Sev+DMSO group (*P* \> 0.05).

![Western blotting analysis of total Drp1 and p-Drp1^ser637^ in myocardium as well as Drp1 translation to the mitochondria. The total Drp1 (80,000 Da) (a) and the Drp1 in mitochondria (c) were analyzed by Western blotting with specific Drp1 antibody at 1 h of reperfusion; The p-Drp1^ser637^ (80,000 Da) (b) was analyzed by Western blotting with specific p-Drp1^ser637^ antibody at 1 h of reperfusion (*n* = 3 for each group). Data were reported as mean ± SD. \**P* \< 0.05 versus CON; ^†^*P* \< 0.05 versus I/R; ^‡^*P* \< 0.05 versus Sev (one-way ANOVA). CON: Control group; I/R: Ischemia/reperfusion; Sev: Sevoflurane postconditioning; Sev+PIM-Inh: Sevoflurane postconditioning + Pim-1 inhibitor II; Sev+DMSO: Sevoflurane postconditioning + dimethyl sulfoxide; PIM-Inh: Pim-1 inhibitor II; Drp1: Dynamics-related protein 1; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; COX-IV: Cytochrome C oxidase IV; SD: Standard deviation; ANOVA: Analysis of variance.](CMJ-130-309-g003){#F3}

Sevoflurane postconditioning decreases myocardial infarct size {#sec2-12}
--------------------------------------------------------------

As shown in [Figure 4](#F4){ref-type="fig"}, infarct sizes were significantly (*P* \< 0.05) increased at the end of reperfusion. Consistent with the improved functional recovery, infarct size in the Sev group was significantly smaller (24% ± 2%) than that (42% ± 4%) in I/R group (*P* \< 0.05). Pretreatment with 1 μmol/L Pim-1 inhibitor II significantly increased the infarct sizes (37% ± 3%) compared with Sev group (*P* \< 0.05), and the Sev+DMSO group showed no difference (*P* \> 0.05).

![Myocardial infarct size of isolated hearts in six groups. (a) Representative cross sections of rat hearts from six groups after I/R and staining with TTC to visualize the infarcted area; (b) infarct size expressed as percentage of the left ventricular area (×100%) for each group. Values are represented as mean ± SD (*n* = 6 for each group), \**P* \< 0.05 versus CON; ^†^*P* \< 0.05 versus I/R; ^‡^*P* \< 0.05 versus Sev (one-way ANOVA). CON: Control group; I/R: Ischemia/reperfusion; Sev: Sevoflurane postconditioning; Sev+PIM-Inh: Sevoflurane postconditioning + Pim-1 inhibitor II; Sev+DMSO: Sevoflurane postconditioning + dimethyl sulfoxide; PIM-Inh: Pim-1 inhibitor II; SD: Standard deviation; ANOVA: Analysis of variance.](CMJ-130-309-g004){#F4}

Sevoflurane postconditioning preserves mitochondrial morphological integrity {#sec2-13}
----------------------------------------------------------------------------

To further prove the reliability of the Pim-1 kinase regulating Drp1 involved in the preservation of mitochondrial integrity, we then observed mitochondrial morphology by TEM. As shown in [Figure 5](#F5){ref-type="fig"}, mitochondria from I/R group appeared smaller, irregular, and had less dense cristae compared with CON group; SP greatly restored mitochondrial morphology and organization. Pim-1 inhibitor II significantly attenuated the effect of maintaining mitochondrial phenotype by SP \[Figure [5a](#F5){ref-type="fig"}--[5f](#F5){ref-type="fig"}\].

![Transmission electron microscope (uranyl acetate-lead citrate stained, original magnification ×30,000) performance of the myocardial mitochondria in six groups. (a) In the CON group, the mitochondria were normal (b) in the I/R group, the mitochondria appeared small, irregular, and less dense cristae (c) in the Sev group, the severity of mitochondrial injury decreased compared with the I/R group (d) in the Sev+PIM-Inh group, the severity of mitochondrial injury increased compared with the Sev group (e) in the Sev+DMSO group, no significant changes were found compared with the Sev group (f) in the PIM-Inh group, no significant changes were found compared with the I/R group (*n* = 3 for each group, scale bar = 1 μm). The black arrow shows normal mitochondria, and the red arrow shows fragmented mitochondria. CON: Control group; I/R: Ischemia/reperfusion; Sev: Sevoflurane postconditioning; Sev+PIM-Inh: Sevoflurane postconditioning + Pim-1 inhibitor II; Sev+DMSO: Sevoflurane postconditioning + dimethyl sulfoxide; PIM-Inh: Pim-1 inhibitor II.](CMJ-130-309-g005){#F5}

D[iscussion]{.smallcaps} {#sec1-4}
========================

The present study reveals a novel mechanism underlying sevoflurane-induced cardioprotection. In addition to decreasing the infarct size and improving cardiac functional recovery, SP also significantly upregulated the Pim-1 kinase and its subsequent increase of p-Drp1^ser637^ inhibited the activity of Drp1. Interestingly, phosphorylation of Drp1 was sequestered to the cytoplasm so as to preserve mitochondrial integrity in isolated rat hearts subjected to I/R injury. Pretreatment with Pim-1 inhibitor II significantly abolished SP-induced myocardial protection. Collectively, these results demonstrate that the Pim-1 kinase regulating Drp1 may mediate SP-induced cardioprotection.

Since 1990, sevoflurane has been the most widely used volatile anesthetic with the advantages of smooth induction, stable intraoperative hemodynamics, and rapid analepsia. Considerable evidences indicate that cardioprotective effects of SP are tightly in association with inhibition of the opening of the MPTP,\[[@ref20]\] promoting the release of nitric oxide\[[@ref21]\] and activating reperfusion injury salvage kinase,\[[@ref22]\] but the particular mechanism has not been completely understood.

Mitochondria are essential to myocardial function based on their pivotal role in energy production. In response to ischemia or hypoxia, mitochondria undergo rapid swelling and fragmentation. Cyt C is a small molecular protein located in the inner mitochondrial membrane. With the disruption of mitochondrial structure, the Cyt C is released from mitochondria into the cytoplasm, subsequently triggering programed cell death apoptosis. Moreover, the reduction of Cyt C in mitochondria will in turn influence electron transfer chain for adenosine triphosphate production, ultimately leading to cell death.\[[@ref23]\] Hence, the maintenance of the normal mitochondrial morphology is the prerequisite to ensure proper function.

Pim-1 is a proto-oncogene serine/threonine protein kinase which can reduce MIRI if upregulated.\[[@ref24][@ref25]\] It is documented that the cardioprotection of the Pim-1 kinase is linked to stabilization of the mitochondrial structure and upregulation of the anti-apoptotic protein Bcl-2, promoting cell survival and inhibition of cardiac hypertrophy and fibrosis.\[[@ref26]\] Previous studies have indicated that Bcl-2 was found to interact with Bax to inhibit apoptosis, and consequently maintained the integrity of the mitochondrial membrane and reduced the release of apoptotic proteins including Cyt C.\[[@ref27]\]

In this experimental study, we attempted to investigate the role of Pim-1 in SP-induced cardioprotection. The isolated rat heart I/R model is used in this study which has been widely used in studies about cardioprotection. The results suggested that I/R made Pim-1 expression downregulated compared with CON group, while SP significantly increased the expressions of Pim-1 and Bcl-2 in cytoplasm and mitochondria, thus keeping the mitochondrial integrity which was evidenced by a pronounced reduction of Cyt C release as well as the observations from TEM. However, when pretreated with the Pim-1 inhibitor II, myocardial protective effect of SP was blunted remarkably. These findings suggested that SP exerted cardioprotective properties through upregulation of the Pim-1 kinase which increased the expression of Bcl-2 and maintained mitochondrial integrity.

However, the specific mechanism of Pim-1 in preservation of the mitochondrial networks is not well recognized to date. Recent studies have shown that morphological changes of the mitochondria are closely involved in MIRI.\[[@ref28][@ref29][@ref30]\] In the process of I/R, the mitochondria tend to divide and fragmented with the destruction of the dynamic balance. Mitochondrial fission is a result of a variety of factors that involve five proteins including Drp1, fission protein 1 (Fis1), optic atrophy 1 (Opa1), and mitofusins 1 and 2 (Mfn1 and Mfn2), in which the primary one is Drp1.\[[@ref31][@ref32][@ref33]\] In the model of left anterior descending coronary artery ligation in rats for 30 min followed by 150 min of reperfusion, Zepeda *et al*.\[[@ref34]\] discovered that I/R caused mitochondrial fragmentation and a significantly higher ratio of Drp1 in mitochondria to cytoplasm, which indicated that the I/R injury leads to the process of mitochondrial fission by Drp1. In fact, Drp1 has multiple sites for posttranslational modification, including phosphorylation, sumoylation, ubiquitination, and nitrosylation.\[[@ref35][@ref36]\] In general, Drp1 is mainly cytosolic, but upon activation, it translates to the mitochondrial surface, resulting in continuous fission events. Sharp *et al*.\[[@ref37]\] discovered that in the model of I/R in rats, Drp1 was activated by dephosphorylation of Drp1 at serine 637 and accumulated on the mitochondrial surface which resulted in the disruption of reticular structure of the mitochondria, ultimately leading to the MIRI. More recently, it was also demonstrated that Pim-1 could increase the level of p-Drp1^ser637^ and inhibit Drp1 compartmentalization to the mitochondria, thus reducing mitochondrial fission and I/R injury.\[[@ref12]\]

Therefore, we further investigated whether SP-induced cardioprotection by Pim-1 was associated with Drp1. We found that I/R leads to dephosphorylation of Drp1 at serine 637 and Drp1 compartmentalization to the mitochondria although the total Drp1 expression did not reach statistical significance. It is generally accepted that mitochondrial fragmentation will inevitably result in the disruption of membrane integrity, represented as the release of Cyt C from mitochondria to the cytosolic fraction. Compared with I/R group, SP increased the expression of p-Drp1^ser637^ and Drp1 cytoplasmic sequestration, which was mediated by the Pim-1 kinase. Nevertheless, the cardioprotective effect of SP was obviously blunted when Pim-1 inhibitor II was administrated. Collectively, the Pim-1 kinase mediated the myocardial protection of SP by regulating Drp1.

In the present study, we first propose that the Pim-1 kinase-regulating Drp1 exerts a crucial role in mediating SP-induced cardioprotection. Upregulated Pim-1 increases the expression of Bcl-2 which might promote cell survival. In addition, Pim-1 increases the p-Drp1^ser637^ expression to inhibit the activity of Drp1 and subsequently maintains mitochondrial integrity. Bax/bak of proapoptotic Bcl-2 family members mediate the release of DDP/TIMM8a, a mitochondrial intermembrane space protein from mitochondria into the cytoplasm, where it banded to the C-terminal portion of Drp1 and promoted mitochondrial fission.\[[@ref38][@ref39]\] Hence, it should be noted that the upregulation of Bcl-2 by Pim-1 contributes to the inhibition of Drp1-mediated mitochondrial fission in SP-induced cardioprotection. Further studies about the characteristics and mechanisms of Pim-1 and Drp1 in cardioprotection are particularly needed and it might provide promising strategies into clinical cardiovascular disease treatment for humans in the future.

The results of the current study should be interpreted within the constraint of several potential limitations. Although Drp1-ser637 is a phosphorylation site for Pim-1, it cannot be excluded that the other residues on Drp1 might also be phosphorylated. In addition, due to the restriction of the experimental settings, we were unable to directly calculate mitochondrial morphology and organization, which might be more convincing. Moreover, we used an isolated Langendorff-perfused heart model to mimic the process of I/R injury, which could not determine whether the relationship of Pim-1 and Drp1 existed in humans who have suffered from MIRI. Finally, it is widely accepted that the mitochondrial structure is closely associated with its function. However, we only demonstrated the changes of mitochondrial morphology in the process of phosphorylation of Drp1 by the Pim-1 kinase, but failed to assess the role of healthy and preserved mitochondria in the regulation of Ca^2+^, ROS, and oxidative phosphorylation. These, however, are recognized as key mediators of I/R injury.

Taken together, the results demonstrate that the Pim-1 kinase might mediate SP-induced cardioprotection by regulating Drp1. Phosphorylation of Drp1 prevents extensive mitochondrial fission through Drp1 cytosolic sequestration.
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